The spatial structure and underlying assembly mechanisms of bacterial communities have 27 been widely studied across aquatic systems, focusing primarily on isolated sites, such as 28 different lakes, ponds and streams. In contrast, biodiversity patterns within large aquatic 29 systems have received less attention. Here, our main aim was therefore to determine the 30 underlying mechanisms for biofilm bacterial assemblages within a large, highly-connected 31 lake system in Northern Finland using associative approaches based on taxonomic and 32 phylogenetic alpha-and beta-diversity and a large number of abiotic and biotic variables. 33 Furthermore, null model approaches were used to quantify the relative importance of different 34 community assembly processes. We found that the spatial variations in bacterial communities 35 within the lake were structured by a combination of different assembly processes, including 36 stochasticity, species sorting and potentially even dispersal limitation. Species sorting by 37 abiotic environmental conditions explained more of the taxonomic and particularly 38 phylogenetic turnover in community composition compared to that by biotic variables. 39
Introduction 46
In recent decades, several related conceptual frameworks have been developed toexplain why the composition of ecological communities varies across space (e.g. Leibold ettaxonomic and phylogenetic alpha-and beta-diversity and a large number of abiotic and biotic 146 variables. Second, we apply the null model approach to further quantify the relative 147 importance of different community assembly processes (Stegen et al. (2013) ). We 148 hypothesized that within-habitat environmental gradients (both biotic and abiotic) are strong 149 enough to cause differences in alpha-as well as in beta-diversity of biofilm bacterial 150 communities in the lake ecosystem. We further hypothesized that the dispersal of bacteria 151 among sites is high enough to diminish the effects of dispersal limitation on biofilm assembly, 152 but may potentially cause mass effects in some cases. 153
154

Material and methods 155 156
Study area 157
The study area, Lake Kitkajärvi, is a large (305 km 2 ) lake system located in north-eastern 158
Finland where some changes in the water quality and land use have recently been reported 159 (Vilmi et al., 2015) . In September 2013, we sampled 36 stony littoral sites for bacteria, algal 160 biomass, diatoms, macroinvertebrates and water (Fig. 1) . The 36 sites were as evenly 161 distributed as possible across the perimeter of the whole lake system. The spatial 162 characteristics of the lake system (i.e. the areal extent and high connectivity) enable the 163 organisms to disperse freely among sites. 164
165
Bacterial sampling and laboratory procedures 166
In the field, 10 cobble-sized stones were randomly collected from the water depth of 40 cm at 167 each site. To collect biofilm samples, the surface of each stone was brushed for 20s with a 168 piece of wet foam plastic (4 cm × 4 cm × 4 cm) after which the sample was squeezed into a 169 sampling jar. The samples were immediately stored cold and frozen within the same day.
In the laboratory, DNA was extracted from freeze-dried sample material using a 171
PowerSoil DNA Isolation Kit (MOBIO, Carlsbad, USA) and the 16S rRNA gene amplified 172 with the bacterial primers 519f and 926trP1 as described in Vilmi et al (2016b) and sequences 173 on an Ion Torrent PGM™ sequencer (Life Technologies, Gaithersburg, USA). 174 We processed a total number of 404,030 total reads with a mean length of 187 bp 175 mainly using the QIIME pipeline (v1.8) (Caporaso et al., 2010) following previous studies 176 (e.g. Wang et al., 2013) . Briefly, the sequences were clustered into OTUs at 97% pairwise 177 identity with the seed-based uclust algorithm (Edgar, 2010) . After chimeras were removed via 178
Uchime, representative sequences from each OTU were aligned to the Greengenes imputed 179 core reference alignment V.201308 (DeSantis et al., 2006) using PyNAST (Caporaso et al., 180 2010). The alignments were then used to construct an approximate maximum-likelihood 181 phylogenetic tree with Jukes-Cantor distance using FastTree (Price et al., 2010) after 182 removing gaps and hypervariable regions using a Lane mask. Taxonomic identity of each 183 representative sequence was determined using the RDP Classifier (Wang et al., 2007) and 184 chloroplast or archaeal sequences were separated out. The lowest sequence depth was 704 and 185 all samples were rarefied to 600 reads for the preparation of the final OTU tables that was 186 used in the alpha-and beta-diversity analyses described below. 187
188
Biotic and abiotic environmental variables 189
Biotic variables. At each site, algal biomass was estimated as epilithic phytobenthos 190 chlorophyll a, which was measured from the surfaces of 10 stones (collected randomly from 191 40 cm depth) using a BenthoTorch fluorometer (bbe Moldaenke, Cincinnati, USA). Further, 192 diatoms and macroinvertebrates were sampled or surveyed as described in Vilmi et al. 193 (2016b) . Diatom samples were brushed from the surfaces of 10 cobble-sized stones from 40 194 cm depth at each site. In the laboratory, permanent slides were made and approximately 500diatom valves were identified to the lowest possible taxonomic level. Macroinvertebrates 196 were sampled using a kick-net with a total kicking effort of 3 min and 6 m at each site and 197 animals were preserved in ethanol. In the laboratory, the animals were sorted and identified to 198 the lowest possible taxonomic level. Further, macroinvertebrates were assigned into different 199 groups based on their feeding habits to separate out biofilm-eating scrapers and their 200 abundance. The following biotic variables were used as predictor variables in the statistical 201 analyses described below: 1) site-specific richness, Shannon's diversity and Pielou's evenness 202 for diatom and macroinvertebrate communities, and biofilm-eating scrapers; 2) the first and 203 second axes of separate non-metric multidimensional scaling analysis (NMDS) for diatom 204 and macroinvertebrate communities, and biofilm-eating scrapers. Finally, we also used the 205 relative abundance of the dominant primary producer Achnanthidium minutissimum s.l., as 206 well as the abundance of biofilm-eating scrapers, as biotic predictor variables (see Table S1  207 for a summary). (Table S1 ). 216
Physical characteristics. As physical variables, bottom slope (%) and particle size 217 distribution were measured in the field. Modified Wentworth classes were used to visually 218 assess the coverages of different particle sizes which were mud, fine inorganic sediment (<2 219 mm), gravel (2-16 mm), pebbles (16-64 mm), cobbles (64-256 mm), boulders (256-1024mm), large boulders (>1024 mm) and bedrock. Subsequently, wind fetch describing the 221 openness of a site was calculated according to Rohweder et al. (2008) . For descriptive 222 statistics and abbreviations of the physical variables, see Table S1 . 223
224
Biodiversity estimators 225
To determine beta-diversity, we calculated community dissimilarity with and without 226 phylogenetic information. Dissimilarities based on relative abundance data were chosen 227 because they give more weight to dominant OTUs and reduce chance effects that may be 228 
Results 304
Beta-diversity and community assembly processes. Significant positive relationships between 305 spatial distance and community dissimilarity were found and the slopes were similar for 306 taxonomic and phylogenetic metrics (Fig. S1) . The multiple regression analysis showed that 307 abiotic factors had a relatively stronger effect on both the taxonomic (Bray-Curtis similarities) 308 and phylogenetic (βMNTD) turnover than spatial distance (which had no significant effect) or 309 biotic parameters, where the partial regression coefficients were lower and only marginally 310 significant (Table 1) . Moreover, when MRM was run to tease apart the relative importance of 311 individual environmental variables, the partial regression coefficients of algal biomass was 312 significant in the case of taxonomic turnover, whereas no single biotic variable had significant 313 partial regression coefficients in the case of phylogenetic turnover. Among abiotic variables, 314 significant partial regression coefficients were found for NO x , alkalinity and NH 4 in the case 315 of Bray-Curtis similarities and NO x in case of βMNTD. Generally, however, the explanatory 316 power of the MRM was low (R 2 values < 0.25 in all cases), so that the largest fraction in 317 differences in community composition remained unexplained. 318
The null model-based approach showed that the majority of pairs of communities were 319 assembled by drift (56% of all pairwise comparisons) whereas 14 % were assembled byenvironmental selection, 24 % by dispersal limitation and 6 % by homogenizing dispersal 321 (Fig. 2) . 322
323
Alpha diversity. At the local scale, species richness and PD at the local scale were 324 significantly correlated to each other (r 2 = 0.544, p < 0.05, Fig. 3 ). Generally, a lower fraction 325 of variation in bacterial diversity across sampling sites could be explained by abiotic (7% 326 compared to 18%) and spatial variables (16% compared to 26%) for richness than for PD, 327 respectively. Larger proportion of variation in local diversity were explained by spatial 328 variables than by local environmental conditions, whereas mainly smaller spatial scale 329 variables were significant for species richness and various spatial scale variables for PD. We 330 also found that abiotic variables accounted for significant fractions of variation in both alpha 331 diversity metrics, while the abiotic factors explaining variation in species richness and PD 332 were different (Fig. S2) . Richness was negatively correlated to suspended solids and nitrogen, 333 whereas PD was positively correlated to alkalinity, but negatively correlated to aluminium 334 concentrations and Fetch (Fig. S2) . Moreover, for PD, we found a significant, albeit minor, 335 effect of biotic variables, as well as considerable co-variation between abiotic, spatial and 336 biotic variables (Fig. 3) . Of the biotic variables, PD was positively related to algal biomass 337 and macroinvertebrate richness (Fig. S2) . 338
340
Discussion 341
This study shows that within-habitat environmental gradients in one large, highly-connected 342 lake ecosystem were strong enough to cause differences in alpha-and beta-diversity of 343 biofilm bacterial communities. Further, we show that abiotic conditions explained more of thevariables, and that drift, species sorting and dispersal processes contribute to differences in the 346 composition of bacterial biofilm communities between sites. processes, it seems possible that their definition of dispersal limitation to some extent masks 385 the effects of biotic sorting. Another possibility is that the spatial distance matrix that we used 386 in the MRM analyses does not depict the hydrodynamics of our study lake, therefore resulting 387 in non-significant spatial effects. Collectively, the results from different statistical analyses are 388 contradictory, but we cannot currently rule out that dispersal limitation can produce spatial 389 differences in biofilm composition even within a highly-connected lake ecosystem. To fully 390 understand how dispersal influences biofilm community assembly, future studies should 391 therefore utilize new statistical approaches that disentangle effects of directional dispersal 392 through water masses and non-directional processes (e.g. aggregation) at various spatial 393 scales (Bertolo et al., 2012) and integrate direct measurements of water flow rates and 394 directions. In addition to deviating results regarding the importance of dispersal limitation bythe MRM and null model approaches, we also found that the results of MRM model differed 396 between taxonomic and phylogenetic beta-diversity. Generally, both biotic and abiotic factors 397 explained less of the similarities in phylogenetic compared to taxonomic beta-diversity. This 398 is, for example, in contrast to a study that compared taxonomic and phylogenetic beta-399 diversity in a vertical soil gradient, where species sorting was more important in case of the 400 latter (Hu et al., 2015) . These deviating results might indicate that the environmental gradients 401 in the highly-connected lake system were not strong enough to select for traits that are 402 phylogenetically conserved, and that community turnover along environmental gradients is 403 therefore better captured by taxonomic diversity metrics. 404
405
Another important finding from our study is that biotic variables were less important 406 than abiotic conditions in structuring biofilm bacterial communities. The most significant 407 biotic factor was algal biomass, which suggests that overall availability of organic substrates 408 methodological caveat of our study was that there was a gap between the sampling for biotic 427 variables (including biofilm composition) and abiotic variables, which were sampled two 428 weeks later. The fact that abiotic factors nevertheless could explain differences in biofilm 429 composition suggests that the time of the sampling was not a major problem. However, it is 430 possible that we actually underestimated the contribution of abiotic factors, which would 431 further strengthen our conclusion because they were more important in structuring biofilm 432 communities compared to biotic factors. 433 434 Interestingly, alpha diversity were also affected by similar environmental factors 435 which were most important for determining beta-diversity. However, different factors 436 correlated with the variation in taxonomic richness and PD across sampling sites, and the 437 relationship between species richness and PD, r 2 = 0.544, was relatively weak compared to 438 other studies (e.g. Wang et al., 2012a) . This is in congruence with unimodal productivity-439 diversity relationships, which have also been found in bacteria 
